A partial review is proposed on the existing literature for the research performed in orthopedic implant used as drug delivery system. In the first part, an evaluation is given on the clinical need to deliver a drug in the surrounding of an implant. Secondly, a review of the clinical situation is developed for implants already used as drug delivery system. Experimental works performed for local delivery are reported. In particular, a description is given on the in vitro and in vivo studies where the implant is coated with different proteins or drugs. Finally, a conclusion is proposed on the next step in the development of orthopedic implant as drug delivery system mentioning also the industrial situation.
IS THERE A CLINICAL NEED FOR LOCAL DELIVERY OF DRUG AROUND ORTHOPEDIC IMPLANT?
Orthopedic practice recently enters a new area by considering use of drugs to enhance the fixation of implants. The rational behind this approach is to keep the bone around the implant as the trend observed clinically is a peri-implant bone resorption for hip or knee implants. Studies over the past 2 decades have strongly implicated osteoclasts as the major cause of the bone lysis leading to implant failure [1, 2] . Different activation pathways of osteoclasts have been identified and in particular the RANKL/OPG/RANK pathway has been given much interest [3] . Decreasing the catabolic bone activity would then be a good strategy to avoid peri-implant bone loss. The drug of choice so far is of bisphosphonate type and several clinical trials have been performed and effectively show a reduction of peri-implant bone loss in treated groups [4] [5] [6] . Systemic injections of a drug may then be potentially interesting to control the bone remodeling around orthopedic implant, however this mode of delivery may not be optimal.
The failure of an orthopedic implant is strongly correlated to its bone fixation [7] . When an implant is used without cement, stability immediately after the surgery must be obtained, a process called primary fixation, followed by a long-term fixation, a process called secondary fixation. A race on fixation quality is then engaged with the concept that the faster the secondary implant fixation is obtained, the better will be the implant outcome. The primary fixation being insured by the press-fit technique, the drug should then target the secondary fixation with the goal of reducing the bone loss. We should not be mislead by the term secondary fixation which is indeed already happening during the first months following the surgery. This has been shown in a clinical study where up to 14% bone loss arose during the first three months after total hip arthroplasties [8] . In parallel, rapid early migrations have been detected by roentgen stereophotogrammetry in many asymptotic hips, often as early as four months postoperatively [9] . The migrations have been found to predict an increased risk of clinical loosening.
Systemic delivery of bisphosphonate by several injections over months may then not furnish enough drugs on time in the peri-implant bone to render the therapy effective for a rapid secondary fixation. Indeed, recent clinical studies have shown that systemic bisphosphonate treatment following a prosthesis implantation reduced peri-implant bone loss only 3 months after the treatment [4, 5] . Moreover, proximal femur, the region where most of the bone resorption occurs, is reached with difficulty by bisphosphonate systemically injected as shown by the lower decrease of femur fracture prevention compared to vertebra fracture prevention in a phase III clinical studies for osteoporosis treatment with systemic bisphosphonate treatment [10] .
As the targeted skeleton site is limited to the peri-implant bone, the drug access is not easily reached by systemic delivery and the drug should be rapidly available, it will then make sense to use the implant itself as a drug delivery system enabling to overcome the limitations of the systemic delivery. Moreover, by local delivery, the drug amount is decreased, reducing then potential side effect of the drug.
With this idea to associate to the implants a drug in order to enhance the bone fixation or to reduce the bone resorption, the most indicated implants category remains the uncemented. Classically the uncemented hip prosthesis are selected for young patient with an acceptable bone stock. The results of the Australian and Swedish register demonstrate that for young patient, the problems result essentially because of the wear particles liberated in function of the tribological characteristics of the femoral head and the socket [11, 12] . For this category of patients, the initial fixation and furthermore the secondary fixation are not the main difficulties. Nevertheless we can imagine a reduction in the thigh pain due to the relative initial instability of the femoral component. We can conclude that the adjunction of a drug for this class of patient will be more original if the effect continues during many years to prevent the long term bone resorption. For older patient, with reduced bone quality, the common accepted solution for the femoral stem remains the cemented one. With the progression of the osteoporosis, we are confronted with very old patients suffering of osteoarthritis or femoral neck fracture. For this high morbid group of patients, the cemented phase of the surgical procedure remains dangerous [13] . For this patient population, the benefice of a uncemented femoral stem with fixation performance enhanced by the apposition of a specific drug could be easily demonstrated by a short term followup study [14] .
N o t F o r D i s t r i b u t i o n DRUG DELIVERY SYSTEMS ALREADY IN CLINICAL USED FOR ORTHOPEDIC APPLICATIONS
As recently reviewed by Wu and Grainger [15] , orthopedic implants used as drug delivery system have mainly targeted infection. Combination of bone cement and antibiotics can then be considered as a precursor approach in drug delivery system for orthopedic applications. Therapy of bone infections (osteomyelitis) was justified because of the poor accessibility of the infection site by common systemically administered antibiotics. This is mainly because bones are moderately perfused organs and because of a reduced blood supply associated with the formation of diffusional barriers in the infected bone tissues. Therefore, to improve the therapy, resorbable calcium phosphate ceramics (CaP) materials [16] , polymers such as methyl-methacrilate either as beads [17] or as cement [18] have been used as carriers for antibiotics. They release effective drug amounts at the site of infection for several months and the systemic drug concentration remains low. Among the various antibiotics, vancomycin [19, 20] and gentamycin have been extensively investigated and proved efficacy in human osteomyelitis [21] .
RESEARCH PERFORMED FOR ORTHOPEDIC IMPLANT USED AS DRUG DELIVERY SYSTEM
Three approaches can be envisioned to deliver a drug with an orthopedic implant. The drug can be either coated on an implant surface, or incorporated in a biomaterials/cement scaffold or included in beads (Fig. 1) . However and correspondingly to the clinical applications, most of the studies performed in drug delivery system for orthopedic applications were done for cements associated with antibiotics [22] [23] [24] [25] [26] .
This approach has been extended to improve the properties of bone substitutes by associating an osteogenic factor with a synthetic material. In this attempt, growth factors, such as transforming growth factor [27] , platelet-derived growth factor [28] , bone morphogenetic proteins (BMP) [29] , growth hormone [30] and insulin-like growth factor-1 [31] have been investigated successfully. In parallel, a major attempt in treating bone and soft tissue tumors is to maintain local long acting and effective high concentrations of a chemotherapeutic drug at the site of tumors and, at the same time, producing minimum systemic side effects. Porous CaP ceramics have been demonstrated to be efficient as local drug delivery system for methotrexate or cis-platinum and successfully used in the treatment of mice osteosarcoma [32] . CaP ceramic could therefore have a major role in cancer chemotherapy in reducing the recurrence of tumors without the risk of systemic toxicity. Osteoarticular disorders associated with increased osteoclastic bone resorption (as observed in osteoporosis, Paget's disease, bone lytic tumors, periodontal disease, etc.) often lead to pathological fractures. They are widely treated by systemic administration of bisphosphonates, which are potent inhibitors of osteoclast activity. Association of CaP materials with bisphosphonates would increase the efficiency of bisphosphonate by being locally released and decreasing significant secondary effects (nephrotoxicity) observed after systemic treatments. In this objective, ceramic hydroxyapatite implants have been used in dental surgery. Denissen et al. [33] reported that bisphosphonates could be beneficial in preventing alveolar bone destruction associated with periodontal disease. He demonstrated the potential of bisphosphonate-complexed hydroxyapatite implants on the repair of alveolar bone.
The next step in orthopedic implant used as drug delivery system is then to combine the implant, the CaP and the bisphosphonate. Coating of orthopedic implants with CaP is routinely performed, and combination of CaP and bisphosphonate shows a good potential. In particular, combined with CaP, bisphosphonate molecules can be released at very low concentrations [34] , enabling evaluation of the biological activity of bisphosphonate-loaded materials using in vitro bone resorption assays. Bisphosphonate-loaded CaP materials were found to decrease the number and activity of osteoclastic cells [35] . Indeed, in a pit resorption assay, osteoclastic resorption activity was markedly reduced. In addition, bisphosphonate-loaded CaP exhibited a dose dependent inhibitory effect on osteoclastic activity similar to that observed with bisphosphonate solutions. These results clearly indicate that CaP matrices are suitable carriers for bisphosphonate, providing a bioactive drug delivery system whose release kinetics is compatible with the inhibition of bone resorption. Fig. (1) . Three different options can be proposed to locally deliver a drug with an orthopedic implant: A. The drug can be coated on an implant; B. The drug can be incorporated in a scaffold or cement; C. The drug can be incorporated in beads.
N o t F o r D i s t r i b u t i o n
The effect of implant coated with CaP and Zoledronate -the latest bisphosphonate generation-has been evaluated in in vivo studies. Both on osteoporotic and normal rats, implants used as bisphosphonate delivery induced a denser peri-implant trabecular architecture compared to normal implant as well as a higher mechanical stability [36, 37] . Similar results have been obtained with Zoledronate [38] or other bisphosphonates [39] [40] [41] . In Table 1 , a summary of bisphosphonates used in a drug delivery system for orthopedic application is given. The combination of CaP and bisphosphonates does not change the surgical practice and needs only slight adjustments in the manufacturing process. Orthopedic implant coated with CaP and bisphosphonate could then be easily translated to routine clinical practices.
Bisphosphonate targets the catabolic aspect of bone remodeling. Beside bisphosphonates, different approaches have been proposed to control the catabolic bone remodeling, such as local delivery of anti-TNF therapy [42] or calcitonin [43] . An interesting review of possible therapeutical approach for controlling the bone catabolic process has been published [44] .
In order to maintain bone quality around the implant, anabolic aspect of bone remodeling should also be considered. Indeed, one of the first studies for orthopedic implant used as drug delivery system was performed by adding transforming growth factor beta-1 to hydroxyapaptite coating [45] . A positive effect was observed on the amount of peri-implant bone ingrowths. The actual trend for anabolic process has focused on the use of BMP [46] . The BMP, usually rhBMP-2, can be delivered by combining it with a CaP coating of the implant. Either hip implants [47] or intramedullary nails [48] were tested to evaluate the local delivery of BMP. Bone ingrowths and accelerated bone healing have been observed. Interestingly, it has been proposed to combine the use of BMP with bisphosphonate in order to act both on catabolic and on anabolic aspects of bone remodeling [49] .
There are two limitations for the use of rhBMP in clinical orthopedic practice, the first one is the cost and the second one is the supraphysiological dose needed to observe a therapeutical effect. A solution for these two problems may be to use not the BMP protein but its gene code. Indeed, this approach has been proposed by developing a DNA controlled-release coating for gene transfer [50] . In vivo gene transfection of the peri-implant cells to upregulate the production of BMP could then be obtained.
Beside CaP implant coating with BMP or bisphosphonate, different works have been performed combining metallic implant, polymer coating, and drugs such as TGB-beta1 or IGF-I [51] . Bone mechanical properties were increased when local delivery of these growth factors was used. An original approach has been proposed by coating the metallic implant with collagen and different proteins [52] . A controlled released of the proteins were obtained. Proteins or drugs can be effectively loaded on metallic implants by impregnated them with a polymer inside the pore of a titanium implant surface [53] . This approach may allow to better control the release of the drug. From a general point of view, it can be anticipated that most of the developed biomaterials are or will be combined with either growth factors or drugs in order to functionalize them more and not only to use them as filling materials for cavities [54] [55] [56] . It should be mentioned that one of the major problem in evaluating the effect of a pharmaceutical treatment to prevent peri-implant osteolysis is a reliable outcome measurement. Recently, a 3D-CT approach has been used and allowed to evaluate the volume of bone loss around implant [42] .
FUTURE FOR ORTHOPEDIC IMPLANTS
While implants used as drug delivery system are well developed for cardiovascular applications (drug-eluting stents) and enter the market for diabete management (insulin pump), this approach is still at its infancy for orthopedic applications. Based on the growing evidences obtained in different in vivo studies, it seems quite clear that the orthopedic implant used as drug delivery system induces a faster bone healing as well as a more mechanically stable situation for the implant. Orthopedic implants are primarily designed to support mechanical load in the skeleton. As for the normal bone remodeling process, bone formation occurs where the skeleton is mechanically stimulated. It would then be beneficial to correlate the drug delivery with the mechanical situation surrounding the implant. This approach has been recently proposed by designing release of growth factors in response to mechanical signal [57] . The amount of drug concentration to be coated in order to obtain a controlled peri-implant bone remodeling could also be obtained using computer simulation [58, 59] . As mentioned in the introduction, orthopedic implant industries are entering a new field by considering more biologically oriented products. This new field has also some implications from the regulatory process. Indeed, orthopedic impland used as drug delivery system is considered as a combination product by the FDA (http://www.fda.gov/oc/combination/) and correspondingly the registration of these new implants followed a different process compared to traditional orthopedic implant. The combination product will be evaluated on its primary mode of ac- 
N o t F o r D i s t r i b u t i o n
tion and the regulation process will then depend on it. It would then be advantageous, from the regulations point of view, for an orthopedic implant used as drug delivery system to have its primary mode of action related to the implant part and not to its drug action. Apart from the delivery of antibiotic, there is actually no combination orthopedic product registered or on clinical trials (http://www. clinicaltrials. gov/ ct/action/GetStudy). Combination orthopedic device represents certainly the future for orthopedic implant development and this is of importance not only for orthopedic companies, as combination of drugs and implants has been identified as the future of the pharma [60] .
